and Implications Lipid oxidation, color, volatiles, and sensory evaluation of double-packaged pork loin were determined to establish a modified packaging method that can improve the quality of irradiated pork loins. Vacuum-packaged irradiated samples produced dimethyl sulfide and dimethyl disulfide responsible for irradiation off-odor, whereas lipid oxidation was promoted under aerobic conditions. Exposing doublepackaged irradiated pork to aerobic conditions for 1 to 3 d was effective in controlling both lipid oxidation and irradiation off-odor, regardless of packaging sequence. Sensory panels could distinguish the decrease in irradiation off-odor intensities by modifying packaging method. However, carbon monoxide-heme pigments, responsible for the increased redness by irradiation, were not effectively controlled by double packaging alone.
Introduction
The quality change in meat by irradiation is a concern to the meat industry and to consumers. Pink color and offodor in poultry meat produced by irradiation persists throughout the storage period under vacuum conditions. Thus, prevention of pink color defects and off-odor in poultry and pork is critical for the use of irradiation in those meats because consumers associate the presence of a pink color with undercooked or contaminated meat, and off-odor with the formation of undesirable chemical compounds by irradiation. An appropriate use of aerobic and vacuumpackaging conditions (so-called double-packaging) can be effective in minimizing lipid oxidation and off-odor volatiles in irradiated pork loin during storage, which also may affect pink color in irradiated pork.
The objective of this study was to determine the effect of double-packaging conditions on lipid oxidation, volatiles, and color of irradiated pork loins during refrigerated storage.
Materials and Methods
Pork loin (longissimus dorsi) muscles were purchased from a local packing plant. The lean muscles were sliced into 2-cm-thick steaks and packaged as follows: 1) oxygenpermeable bags; 2) oxygen-impermeable vacuum bags; 3) doubly packaged: pork loins were individually packaged in oxygen-permeable bags first and then a number of aerobically packaged loins were vacuum-packaged in a larger oxygen-impermeable bag. The packaged meat samples were irradiated at 2.5 kGy using a Linear Accelerator.
For double-packaging model #1, the outer vacuum bags were removed after 3 d (V3/A7), 5 d (V5/A5), 7 d (V7/A3), or 9 d (V9/A1) of storage, respectively, during the 10 d of storage at 4 °C. For double-packaging model #2, aerobically packaged and irradiated loins were stored at 4 °C for 1 d, 3 d, 5 d, or 7 d, and then vacuum-packaged (A1/V9, A3/V7, A5/V5, or A7/V3, respectively). Nonirradiated vacuumpackaged, irradiated under aerobic, and irradiated under vacuum conditions were also prepared as controls. Lipid oxidation, color, gas, oxidation-reduction potential, and volatiles of the samples were determined after 0 d and 10 d of storage. Sensory evaluation was conducted at 10 d.
Results and Discussion
Irradiation increased TBARS, but vacuum conditions prevented lipid oxidation of pork loin ( Table 1 ). The TBARS values of aerobically packaged pork loin were much higher than those of the vacuum-packaged meat after 10 d of storage. The TBARS values of double-packaged meats ranked between the aerobically and the vacuumpackaged ones. Double-packaged loins with model #2 (aerobically then vacuum-packaged) had lower TBARS values than those with model #1 (vacuum-then aerobically packaged), showing that lipid oxidation was accelerated as storage time increased. During the refrigerated storage, exposed time to aerobic conditions was the most critical factor determining the degree of lipid oxidation, and the TBARS values of pork loins at Day 10 were proportional to the days under aerobic conditions. Thus, lipid oxidation can be a concern in irradiated meat when it is only aerobically packaged.
Irradiation changed the color of raw pork loin reddish pink, as indicated by the colorimeter values (Table 1 ). The increase in redness (a*-values) by irradiation was more distinctive in vacuum-packaged pork loins than in aerobically packaged ones. Therefore, packaging conditions were important in determining color changes in pork loin during the irradiation process. The redness of irradiated pork loin was very stable during the 10-d refrigerated storage irrespective of packaging method. At Day 10, the a*-values of irradiated pork loins were significantly higher than those of nonirradiated pork. A few double-packaged pork loins (A3/V7, A5/V5) had significantly lower a*-values than irradiated vacuum-packaged ones during storage, but the values were still higher than those of nonirradiated vacuumpackaged control. Therefore, the double-packaging method alone was not enough to control redness in pork loin induced by irradiation. L*-values in pork loins were little influenced by irradiation.
Irradiation decreased the oxidation-reduction potential (ORP) of pork loin under vacuum-packaged conditions (Table 1) . Hydrated electrons, radiolytic free radicals, could be produced by irradiation and act as a very powerful reducing agent. However, the ORP values of irradiated pork loins increased after 10 d in contrast to the decrease in nonirradiated meat, showing that stronger oxidizing conditions were generated in irradiated meat by oxidizing free radicals such as superoxide and hydroperoxyl radical during storage.
Irradiation produced a few gas compounds (Table 1) , one of which was carbon monoxide that could be a ligand of heme pigments in irradiated pork loin and thus increase redness. The production of carbon monoxide was little influenced by packaging conditions regardless of storage, indicating that most of the carbon monoxide produced was bound to heme pigments in meat throughout storage.
Many new volatile compounds were generated and a few volatiles already present in nonirradiated pork loins increased by irradiation ( Table 2 ). The amount of total volatiles produced in irradiated pork loin was 3 times higher than that of the nonirradiated control. At 0 d, sulfur (S)containing volatiles, 2-propanone, and ethanol were the most predominant volatiles in irradiated pork loin. Among the detected S-volatiles, methanethiol, dimethyl sulfide, methylthio ethane, and dimethyl disulfide could be responsible for the characteristic irradiation off-odor.
The amounts of S-volatiles in irradiated pork loin were highly dependent upon packaging conditions. Higher amounts of S-volatiles were found in vacuum-or doublepackaged pork loin than in aerobically packaged ones, indicating that considerable amounts of S-compounds were evaporated under aerobic conditions during the process of irradiation and post-irradiation handling. For the meat that will be consumed fresh, therefore, aerobic packaging is more beneficial than vacuum-packaging in terms of reducing irradiation off-odor. The amounts of dimethyl sulfide and dimethyl disulfide in aerobically packaged pork loin were only 26% and 29% of the vacuum-packaged one, respectively. Lipid oxidation products in irradiated pork loin at 0 d were minimal and only aerobically packaged pork loin had a trivial amount of hexanal.
After 10 d of refrigerated storage, the volatiles profile of irradiated pork loin was highly dependent upon packaging conditions (Table 3 ). The greatest amounts of total volatiles were detected in vacuum-packaged pork loin because large amounts of S-volatiles still remained under vacuum conditions. Dimethyl disulfide was the most predominant volatile compound in vacuum-packaged pork loins. No S-volatiles were detected in most double-packaged pork loins. S-volatiles such as dimethyl disulfide, dimethyl trisulfide, and S-methyl ethanethioate were found in the V9/A1 double-packaging mod #1 as well as vacuumpackaged samples. On the other hand, those S-volatiles were not detected in the A1/V9 double-packaging model #2. It seems that double-packaging model #2 is better than model #1 in removing S-volatiles because the production of Svolatiles is critical in the middle of irradiation process rather than storage. However, exposing double-packaged irradiated pork to aerobic conditions for 3 d was enough to eliminate the sulfur compounds responsible for irradiation off-odor, regardless of packaging sequences.
Aerobic packaging was effective in eliminating Svolatiles but increased lipid oxidation in pork loins (Table 1) . Therefore, double-packaging treatments such as exposing the irradiated meat to aerobic conditions for 1 to 3 d and then keep them in vacuum conditions for the remaining period should be used to control both irradiation off-odor and lipid oxidation in irradiated pork loins.
Pork loins from double-packaging model #1 (V7/A3) and #2 (A3/V7) were selected and the sensory characteristics were compared with those from aerobic and vacuum packaged ones (Table 4 ). Most panelists easily distinguished the characteristic irradiation odor. The intensity of irradiation odor in irradiated vacuum-packaged pork was ranked the highest, double-packaged loins in the middle, and aerobically packaged the lowest. The result of the irradiation odor intensity was very consistent with the amount of S-volatiles detected in the pork at 10 d (Table 3) , showing that S-volatiles are representative compounds responsible for the irradiation odor. On the other hand, panelists could not recognize rancid odor because the degree of lipid oxidation of irradiated raw pork was not high enough to produce detectable rancid odor and was masked by the strong irradiation odor.
Conclusions
Double-packaging methods, exposing the irradiated pork to aerobic conditions for a few days and then keep in vacuum conditions for the remaining storage, were better than vacuum or aerobic packaging in controlling lipid oxidation and irradiation off-odor in pork loin. Although double-packaging model #2 (irradiating meat under aerobic packaging conditions and then storing them under vacuumpackaging conditions a few days later) was better than double-packaging model #1 (irradiating meat under vacuum packaging conditions and then removing the outer vacuum bags a few days before use) in reducing off-odor volatiles, their differences were relatively small.
Table 1. TBARS, color a*-value, ORP, and O production of irradiated raw pork loin with different packaging conditions during refrigerated storage
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